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Biochemical characterization of two forms of 3-hydroxy -3-methylglutaryl- 
CoA reductase kinase from cauliflower (Brassica oleracia) 
Kathryn L. BALL, Susan DALE, John WEEKES and D. Grahame HARDIE 
Protein Phosphorylation Group, Biochemistry Department, The University, Dundee, Scotland 
(Received August 9RVovernber 9, 1993) - EJB 93 1214/1 
We recently reported the existence of a protein kinase cascade in higher plants, of which the 
central component is a 3-hydroxy-3-methylglutaryl(HMG-)-CoA reductase kinase functionally re- 
lated to mammalian AMP-activated protein kinase [MacKintosh, R. W., Davies, S. p., Clarke P. R., 
Weekes, J., Gillespie, S. G., Gibb, B. J. & Hardie, D. G. (1992) Eul: J. Biochem. 209, 923-9311. 
We have now purified this protein kinase 9000-fold from cauliflower inflorescences. During the 
course of this work we noticed a second minor form (form B) which separated from the major form 
(A) on ion exchange and gel filtration. Both forms phosphorylate the catalytic fragment of mamma- 
lian HMG-CoA reductase. Both forms are markedly inactivated by incubation with the reactive ATP 
analogue p-fluorosulphonylbenzoyl adenosine (FSO,PhCOAdo), and also by mammalian protein 
phosphatase 2C, indicating that form B, like form A, is activated by phosphorylation. Form A has 
an apparent native molecular mass of 200 kDa by gel filtration and, after labelling with 
['4C]FS0,PhCOAdo, of 150 kDa by electrophoresis in non-denaturing gels. The catalytic subunit 
was identified as a polypeptide of 58 kDa after labelling with ['4C]FS0,PhCOAdo. Form B has an 
apparent native molecular mass of 45 kDa by gel filtration, and was identified as a polypeptide of 
45 kDa after labelling with [14C]FS0,PhCOAdo and [Y-~,P]ATP. Using a series of variants of the 
synthetic peptide substrate, the substrate specificities of the two forms are similar but not identical. 
Form B does not appear to be a proteolytic fragment of form A, and we therefore propose that it 
represents a closely related member of the same protein kinase sub-family. 
It is now clear that reversible protein phosphorylation is 
the major mechanism for the regulation of protein function 
in animal cells, its functions being particularly to mediate 
the response to extracellular signals such as hormones and 
cytokines, and to control events which occur discontinuously 
in the cell cycle such as DNA replication and mitosis. A 
third function which is just emerging may be to mediate the 
response of cells to environmental stresses such as heat shock 
or hypoxia [I]. At least in the case of cell-cycle control, 
the protein kinases involved appear to be highly conserved 
between plants and animals [3, 41. Plant cells also respond 
to a variety of external stimuli such as hormones, light and 
environmental stress. The systems which mediate these re- 
sponses inside the plant cell remain largely undefined, al- 
though by analogy with animal systems it appears that pro- 
tein kinases and phosphatases will play an important role. 
A small number of enzymes have been demonstrated to be 
regulated by phosphorylation in higher plants, e.g. sucrose 
phosphate synthase [5, 61, quinate dehydrogenase [7] and 
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phosphoenolpyruvate carboxylase [8,9]. A number of higher 
plant protein kinases [lo-131 and protein phosphatases [14] 
have also been defined by cDNA cloning. 
Recently we obtained the first direct biochemical evi- 
dence for a protein kinase cascade in higher plants [15]. The 
protein kinase which is the central component of this cascade 
appears by functional criteria to be a homologue of the AMP- 
activated protein kinase, an activity which in mammalian 
cells is a component of the response to cellular stress [l] 
such as heat shock and hypoxia (unpublished results). Both 
the animal and plant kinases inactivate mammalian acetyl- 
CoA carboxylase and 3-hydroxy-3-methylglutaryl(HMG)- 
CoA reductase, apparently by phosphorylation at the same 
sites. The system also appears to be highly conserved in that, 
like the mammalian kinase, the plant kinase is inactivated by 
mammalian protein phosphatases and reactivated by mam- 
malian kinase kinase. The one difference found to date is that 
the plant protein kinase is not activated by AMP. Since the 
plant lunase inactivates HMG-CoA reductase from potato tu- 
bers, and the phosphorylation site defined on mammalian 
HMG-CoA reductase is conserved in a number of plant 
HMG-CoA reductases, we have provisionally named the 
plant kinase HMG-CoA reductase kinase [15]. 
In this study we report the further purification and char- 
acterization of the HMG-CoA reductase kinase protein from 
cauliflower inflorescences. During the course of this work 
we identified a second HMG-CoA reductase kinase activity 
which appears to represent a distinct gene product. 
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MATERIALS AND METHODS 
Materials 
Cauliflower (Brassica oleracia var. Botrytis) was ob- 
tained from a local supermarket. All column materials were 
obtained from Pharmacia, except for phosphocellulose P11, 
which was from Whatman Biosystems Ltd, and the C,, re- 
verse-phase column which was from Vydac, USA. Radio- 
chemicals were from Amersham International, except for p -  
['4C]fluorosulphonylbenzoyl adenosine (FS0,PhCOAdo) 
which was from New England Nuclear. The catalytic subunit 
of PP2C was purified from rabbit skeletal muscle [16]. Pep- 
tides were synthesised by Cambridge Research Biochemicals 
(Northwich, UK) using polyamide chemistry on a solid- 
phase pepsyn KB resin. All other reagents were of the high- 
est commercial grade available. 
Enzyme assay 
The synthetic peptide HMRSAMSGLHLVKRR, whose 
sequence is derived from the major phosphorylation site 
(Ser79) on acetyl-CoA carboxylase, was routinely used as 
the substrate to assay kinase activity. Kinase activities are 
expressed as nmol phosphate incorporated into peptide/min 
at 30°C in the standard assay [17]. 
Purification of two kinase activities from cauliflower 
The purification procedure used previously [15] to par- 
tially purify a single kinase activity from cauliflower, has 
been extensively modified. Extracts were prepared in a War- 
ing blender by homogenizing 1.5 kg cauliflower inflores- 
cence plus 25 g polyvinylpolypyrrolidone with 1.5 1 homoge- 
nization buffer (50 mM TrisEiCl, pH 8.2, 0.25 M mannitol, 
50 mM NaF, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothrei- 
tol, 1 mM benzamidine, 0.1 mM phenylmethane sulphonyl 
fluoride). This and all subsequent procedures were carried 
out at 4°C. Following the addition of Triton X-100 to give a 
final concentration of 0.5% (by vol.), the homogenate was 
centrifuged at 18OOOXg for 30 min. The supernatant was re- 
moved and the pellets were re-extracted in an equal volume 
of homogenization buffer and centrifuged as above. The 
combined supernatants were passed through two layers of 
cheese cloth and one layer of mirror cloth, before ammonium 
sulphate was added to give a 35% saturated solution. The 
suspension was stirred for 20 min and the precipitate col- 
lected by centrifugation at 24000Xg for 20 min. The precipi- 
tate was redissolved in approximately 300 ml of 50 mM Trisf 
HCI, pH 8.0, containing 50 mM NaF, 1 mM EDTA, 1 mM 
EGTA, 1 mM dithiothreitol, 1 mM benzamidine, 0.1 mM 
phenylmethane sulphonyl fluoride, 0.02% (by vol.) Brij-35 
and 10% (by vol.) glycerol (buffer A), and dialysed against 
2 x 4  1 buffer A. The preparation was applied to a DEAE- 
Sepharose Fast Flow anion-exchange column (9 cmX4.6 cm; 
6 d m i n )  equilibrated in buffer A, the column washed with 
buffer A until the A,,, fell below 0.15, and was then eluted 
with a linear gradient of 0-0.5 M NaCl in buffer A. Frac- 
tions which contained kinase activity were pooled and am- 
monium sulphate was added to give a 50% saturated solu- 
tion. After stirring for 20 min the precipitate was collected 
by centrifugation, redissolved in 30 ml buffer B (buffer A 
except at pH 7.0) and dialysed against 2 x 2  1 of buffer B. 
The dialysed sample was applied to a 50 ml Blue-Sepharose 
column (3 cmX4.6 cm; 2 ml/min) equilibrated in buffer B, 
the column washed extensively with buffer B containing 
0.1 M NaC1, and eluted with buffer B containing 0.5 M 
NaC1. Active fractions were pooled and concentrated to 
1 mglml protein by dialysis against solid poly(ethy1ene gly- 
col) 35000, then dialysed against 2 x 1  1 buffer C [50 mM 
sodium Hepes, pH 8.0, 50 mM NaF, 1 mM EDTA, 1 mM 
EGTA, 1 mM dithiothreitol, 1 mM benzamidine, 0.1 mM 
phenylmethane sulphonyl fluoride, 0.02% (by vol.) Brij, 
10% (by vol.) glycerol]. The dialysed sample was applied at 
1 mumin to a FPLC Mono Q HR 5/5 column equilibrated in 
buffer C and the kinase activity eluted with a gradient 
(Fig. 2) from 0 to 0.5 M NaCl in buffer C. Peptide kinase 
eluted from this column as two distinct peaks of activity, i.e. 
A, which eluted at the higher ionic strength, and B. These 
peaks were pooled separately and further purified individu- 
ally. Both fractions were dialysed against 2X 1 1 buffer C and 
applied separately to a P11 phosphocellulose column 
(2 cmx0.8 cm; 0.15 d m i n )  equilibrated in buffer C. The 
columns were washed extensively with buffer C then eluted 
with linear gradients from 0 to 0.5 M NaCl in buffer C. 
Peak A was concentrated to 250 pl using a Centricon- 
30 concentrator (Amicon Corp.), dialysed against 2x500 ml 
buffer D [50 mM sodium Hepes, pH 7.4, containing 1 mM 
EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM benzami- 
dine, 0.1 mh4 phenylmethane sulphonyl fluoride, 0.02% (by 
vol.) Brij and 10% (by vol.) glycerol] and applied to a Mono 
Q HR 9.5 column (1 mumin) equilibrated in buffer D. The 
kinase was eluted with a gradient (Fig. 2) from 0-100 mM 
MgC1, in buffer D. Active fractions were pooled, concen- 
trated to 0.5 mg/ml protein, frozen in liquid N, and stored 
at -70°C with no loss of activity. 
Peak B was pooled, concentrated as for peak A, and ap- 
plied to a FPLC Sephacryl S-200 HR 16/60 Hiload gel-filtra- 
tion column (0.5 mllmin) which had been equilibrated in 
buffer D plus 0.25 M NaC1. Active fractions were pooled, 
concentrated and stored as for peak A. 
Native molecular-mass determination 
Aliquots of peaks A and B (after chromatography on 
phosphocellulose) were applied to a Sephacryl S-200 gel- 
filtration column equilibrated in buffer D plus 0.25 M NaCl, 
at a flow rate of 0.25 ml/min. The column was calibrated 
with the following markers, with the assumed molecular 
mass in parentheses: Blue Dextran (2000 m a ) ,  catalase 
(240 kDa), aldolase (158 kDa), albumin (66 m a ) ,  ovalbumin 
(43 kDa) and chymotrypsinogen (24 kDa). Peak A was also 
analysed by gel filtration on a Superose 12 3040 FPLC col- 
umn which was equilibrated in either buffer D or buffer D 
plus 0.5 M NaCl at a flow rate of 0.1 mumin. The column 
was calibrated as above. 
Partial purification 
of mammalian AMP-activated protein kinase 
from rat liver as described previously [ 181. 
Mammalian AMP-activated protein kinase was purified 
Radioactive labelling 
with ['4C]FS0,PhCOAdo and [y-32P]ATP 
Peaks A, B or mammalian AMP-activated protein kinase 
(4 U peak A; 8 U peak B; 2 U AMP-activated protein ki- 
nase) were incubated with 25 mM sodium Hepes, pH 7.0 
containing 169 mM [14C]FS0,PhCOAdo (53.2Ci/mol), for 
60min at 30°C. Reactions which were to be analysed by 
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Table 1. Purification of HMG-CoA reductase kinases A and B from cauliflower florets. Data refer to a purification from four cauliflower 
plants (1.6 kg inflorescence). 
Sample source Protein Activity Specific activity Yield Purification 
Crude extract 
Ammonium sulphate precipitate 
DEAE-Sepharose 
Blue-Sepharose 
Mono Q B 
A 
Cellulose phosphate B 
A 
Sephacryl-S200 B 
Mono Q (MgC1, gradient) A 
mg 
5997 
1578 
190 
36 
3.0 
5.4 
0.49 
0.55 
0.07 
0.07 
U U/mg 
8813 1.47 
8150 5.16 
6813 35.9 
5101 141.7 
240.7 
2987 730 1 3717 553.3 
1215 1 2432 3325 1832 
221 3 281 
927 13 102 
% 
100 
92 
77 
58 
33.9 
20.8 
2.5 
10.5 
] 42 
j 28 
-fold 
1 
3.5 
24.4 
96.4 
164" 
377 a 
827" 
2262" 
2232" 
8912" 
a Purification factors are underestimates because they are given relative to the specific activity in the crude extract, which will be a 
mixture of kinases A and B 
SDSPAGE were stopped by adding an equal volume of SDS 
sample buffer and boiling for 2 min. Samples were run on a 
10% polyacrylamide gel as described by Laemmli [19] then 
transferred to nitrocellulose. Reactions which were analysed 
by non-denaturing gel electrophoresis were made up to 20% 
(masshol.) glycerol then immediately loaded and separated 
in a 4% polyacrylamide gel in 30 mM Tris/borate, pH 8.0, 
0.67 mM EDTA, 0.1 % Triton X-100. For autophosphoryla- 
tion, 4 U peaks A or B were incubated for 30 min at 30°C in 
50 mM Na Hepes, 10% (masskol.) glycerol, 1 mM dithio- 
threitol, 1 mM benzamidine in the presence of [y-32P]ATP 
(300 pM; 2X lo6 dpmhmol) and 25 mM MgCI,. Reactions 
were stopped by the addition of SDS sample buffer and boil- 
ing for 3 min, and separated by electrophoresis in 10% 
polyacrylamide gels in the presence of SDS. 
All labelled polypeptides were detected, either on nitro- 
cellulose or dried gels, using a Molecular Dynamics Phos- 
phorimager. 
Purification of synthetic peptides 
Synthetic peptides were made up to 2 ml with de-ionized 
water containing 0.1% (by vol.) trifluoroacetic acid. An ali- 
quot (1 ml) of each peptide was applied to a Vydac C,, re- 
verse-phase HPLC column equilibrated in 0.1 % trifluoro- 
acetic acid and run at 1 ml/min. The peptides were eluted 
using a linear gradient from 0-15% in 0.1% trifluoroacetic 
acid over 5 min, then 15 -35% acetonitrile in 0.1 % trifluoro- 
acetic acid over 15 min. Fractions which contained the major 
A,,, peak from each run were pooled, dried down to approxi- 
mately 50 p1 to remove trifluoroacetic acid and acetonitrile, 
and made up to 200 ml with deionized water. The structures 
of all peptides were verified by fast-atom-bombardment mass 
spectrometry on a VG Analytical Model 70-250SE, and con- 
centrations were determined by amino acid analysis using a 
Millipore-Waters PTCO-TAG system. 
RESULTS 
Purification of two plant peptide kinases 
The procedure reported previously for partial purification 
of HMG-CoA reductase kinase from cauliflower [15] was 
based on our method for purification of mammalian AMP- 
activated protein kinase [18]. This procedure has now been 
extensively modified in order to achieve further purification 
of the enzyme (Table 1). Poly(ethy1ene glycol) precipitation 
was omitted and replaced with a modified ammonium sul- 
phate fractionation, which enhanced the yield while still 
achieving a 3.5-fold purification. The buffer and fraction- 
ation conditions were optimized at each stage and two addi- 
tional purification steps (phosphocellulose chromatography 
and Mono-Q chromatography with a Mg2+ gradient) were 
added. 
When the ammonium sulphate fraction was applied to a 
DEAE-Sepharose column, and eluted with a gradient of 
NaC1, two discrete peaks of kinase activity were detected 
(data not shown). The major peak (A), elutes at 0.20-0.25 M 
NaCl while a minor peak (B) elutes at 0.15-0.20 M NaC1. 
Peak B was not reported by MacKintosh et al. [15] but, using 
the improved purification procedure in this study, we consis- 
tently find that 10-20% of total activity is present as peak 
B. To cut down on the number of columns that had to be 
run, peaks A and B were combined at this stage, and applied 
to a Blue-Sepharose column. Although two activities could 
be discerned if the dye column was eluted with a salt gradi- 
ent, they were not completely resolved, and the column was 
therefore eluted with a single 0.5 M NaCl step. The two 
activities were clearly separated on a Mono Q column 
(Fig. 1 A) with peak A eluting as a broad peak between 100- 
250 mM NaCl and peak B eluting as a sharp peak at 50- 
100 mM NaCI. At this stage the two activities were pooled 
separately for further purification. Phosphocellulose chroma- 
tography (data not shown) removed several major contami- 
nants which were difficult to resolve from peak A using a 
variety of other separation procedures tested. Peak A was 
finally applied to a Mono Q column and eluted with a gradi- 
ent of MgC1, (Fig. 2), instead of NaCl as used at an earlier 
stage in the purification. This resulted in a preparation that 
had been purified approximately 9000-fold with a specific 
activity of 13.1 pmol . min-' - mg-I. 
Following chromatography on phosphocellulose, peak B 
was applied to a Sephacryl-S200 gel-filtration column, which 
removed contaminating peak A activity (Fig. 3B). Further 
purification of peak B was not attempted due to the very 
small amounts of activity remaining. The final preparation of 
peak B had a specific activity of 3.3 pmol . min-' . mg-I. 
Inactivation of kinases A and B by FS0,PhCOAdo 
and protein phosphatase 2C 
The reactive ATP analogue FS0,PhCOAdo has been 
shown to irreversibly inactivate protein kinases by reacting 
746 
- 1.0 
- 0.8 I 
- 0.6 L 
- 0.4 E 
- 
=. 
- 0.2 2 
- 0.0 
1'5  .o i - 
0.5 2 
,a 40 
.& 
30 I z 
p 20 
v 
10 
Fig.1. Purification of HMG-CoA reductase kinases. (A) 
Purification of cauliflower HMG-CoA reductase kinase by chroma- 
tography on Mono Q, (B) An aliquot of peak A from the separation 
shown in (A) was reapplied to the column, both before (0) and after 
(0) treatment with protein phosphatase-2C for 30 min as in Fig. 5. 
The column was eluted with the same gradient as in (A). (C) As 
(B), except using peak B. 
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50 
W 
3 
P 
5 10 15 20 25 
Fraction No. 
Fig. 2. Final purification of HMG-CoA reductase kinase peak A 
on Mono Q, eluting with the indicated gradient of MgCl,. 
at a conserved lysine residue in the ATP-binding site [20]. 
It inactivates rat liver AMP-activated kinase [21, 221, and 
[14C]FS0,PhCOAdo has been used to identify the catalytic 
subunit of that enzyme [18]. Fig. 4 shows that both peaks A 
and B are inactivated by incubation with 200 pM FS0,Ph- 
COAdo, with inactivation of peak A being particularly rapid. 
Inactivation exhibits linear plots when the logarithm of activ- 
ity remaining is plotted against time, with half times of 
3.5 min for peak A and 17 min for peak B. This is consistent 
with a single site of reaction for both peaks, in contrast to 
results with mammalian AMP-activated protein kinase, 
where the plots are biphasic due to reaction at both the AMP 
(allosteric) and ATP (catalytic) sites [18, 21, 221. In the pres- 
ence of Mg2+, ATP (2.5 mM) markedly reduces the rate of 
inactivation for both peaks. However AMP (2.5 mM) was 
ineffective in providing protection against FS0,PhCOAdo 
(data not shown). 
We have shown previously that peak A can be inactivated 
by endogenous cauliflower protein phosphatases with the 
characteristics of protein phosphatases 2A and 2C, and by 
incubation with purified mammalian protein phosphatase 2A 
[15]. Fig. 5 shows that both peaks A and B are rapidly inacti- 
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Fig.3. Estimation of the native molecular mass of HMG-CoA 
reductase kinase peaks A and B by gel filtration on Sephacryl 
S-200. The migration of markers, detailed in the Materials and 
Methods, is shown by arrows, labelled with their molecular mass in 
kDa, at the top: V,,, void volume. Gel filtration of peak A was 
performed with a small aliquot; gel filtration of peak B was used as 
the final purification step to remove contaminating peak A. 
+zoo LM FSBA\, 
Control 
% 60 
2 E 40 
zoi  
5 10 15 20 
Time (min) 
Fig. 4. Effect of incubation with FS0,PhCOAdo on the activity 
of HMG-CoA reductase kinases A (A) and B (B). Peak A was 
used after the phosphocellulose step, peak B after the gel-filtration 
step. FS0,PhCOAdo (FSBA) concentration was 200pM (M) or 
100 pM (0). In some incubations (A), 2.5 mM ATP was included 
as well as 200 pM FS0,PhCOAdo. At various times, aliquots were 
removed for determination of kinase activity. Results are expressed 
as a percentage of the starting activity, which were 33 nmol . mir-' 
. ml-' for both A and B. 
vated by incubation with purified mammalian protein phos- 
phatase 2C. Using equivalent units of each protein kinase 
of similar specific activity, and identical amounts of protein 
phosphatase, peak B was inactivated much more rapidly, 
with a half-time of 1 min versus 13 min for peak'A. 
Rechromatography of peaks A and B 
To determine whether peak B might have been derived 
from peak A during the purification procedure, a small-scale 
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Fig. 5. Effect of incubation of peak A (0 ,O)  and peak B (m, 0) 
either with (0, H) or without (0, 0) protein phosphatase 2C 
(PP2C, 0.56 mU/ml). Peak A was used after the phosphocellulose 
step, peak B after the gel-filtration step: at these stages their specific 
activities were approximately the same. Aliquots were removed for 
determination of kinase activity: results are expressed as percentages 
of the initial activities, which were 33 nmol . min-' . rn-' for both 
A and B. 
crude extract was prepared and immediately applied to a 
Mono Q column as described in Materials and Methods. The 
activity eluted in two peaks as in Fig. 1 A, with peak B com- 
prising approximately 15% of total activity. Exactly the same 
results were obtained if the extract was incubated for 1 h at 
30°C prior to loading on the Mono Q column (data not 
shown). In a second experiment, following the normal chro- 
matography on Mono Q (Fig. 1 A), peaks A and B were dia- 
lysed and aliquots were reapplied to the column. Fig. l B and 
C show that the two peaks eluted in exactly the same posi- 
tions on re-chromatography (note that peak B is always con- 
taminated with a small amount of peak A after a single Mono 
Q separation). Peaks A and B were subsequently dephos- 
phorylated using protein phosphatase 2C and reapplied to the 
column. Although the activity was greatly reduced in both 
cases as expected, the peaks eluted at the same ionic 
strengths as before (Fig. 1B and C). 
Determination of native molecular mass 
of peaks A and B 
The apparent molecular mass of peaks A and B were 
determined by gel filtration using a Sephacryl S-200 FPLC 
column as described in Materials and Methods. This gave an 
apparent molecular mass of 200 * 50 kDa for peak A and 
45 2 5 kDa for peak B (Fig. 3, note that before gel filtration 
peak B is always contaminated with small amounts of peak 
A). As these results for peak A were not in agreement with 
those obtained previously [I51 we carried out further studies 
with this form. Peak A from the phosphocellulose step was 
also analysed by gel filtration on Superose 12 (30 cmXl cm) 
either in buffer D or buffer D plus 0.5 M NaCl. Although 
the higher ionic strength buffer changed the elution of other 
proteins, as judged by differences in the A,,, profile, the pro- 
tein kinase eluted in both cases at the same position with an 
apparent molecular mass of 200 2 40 kDa (data not shown). 
Peak A was also analysed by PAGE under non-denatur- 
ing conditions at pH 8.0, after labelling with ['4C]FS0,Ph- 
COAdo. We also analysed a sample of purified rat liver 
AMP-activated protein kinase under the same conditions. 
Fig. 6 shows that the two preparations comigrated as single 
radioactive species, corresponding to an apparent molecular 
mass of 160 2 30 kDa. 
200 kDa--t 
150 kDa ---t 
66 kDa ---t 
4!5kDa--c 
+ [i4C]FSBA labelled protein 
+Free ["%]FSBA 
Bottom- 
Fig. 6. Native gel electrophoresis of (An) rat liver AMP-activated 
protein kinase (2 U) and (A) peak A (4 U). Both were labelled 
with [14C]FS0,PhCOAdo (FSBA) prior to electrophoresis. 
Subunit structure of peaks A and B 
Fig. 7 shows that several polypeptides were detectable by 
Coomassie Blue staining after SDS/PAGE electrophoresis of 
the final preparation of peak A, with a prominent doublet 
migrating with apparent molecular masses of 56/58 kDa. 
Prior labelling of the preparation with [14C]FS0,PhCOAdo, 
followed by detection by phosphorimaging, showed that the 
56/58-kDa bands were the only polypeptides that reacted 
with FS0,PhCOAdo (Fig. 7). ATP (2.5 mM) greatly reduced 
the labelling of both polypeptides (data not shown). When 
peak A was incubated with [y-32P]ATP a single labelled poly- 
peptide was seen at 58 kDa (Fig. 7). 
When the final preparation of peak B was analysed on a 
SDS/polyacrylamide gel, there were no prominent polypep- 
tides at 56/58 kDa (Fig. 7). There were higher molecular 
mass polypeptides, and several polypeptides migrating at 
30-45 kDa, where we would expect peak B based on its 
native molecular mass of 45 t 5 kDa on gel filtration. When 
peak B was labelled with [14C]FS0,PhCOAdo, three or more 
polypeptides migrating between 30 -45 kDa were labelled 
(Fig. 7): all were greatly reduced in intensity when 2.5 mM 
ATP was included in the incubation (data not shown). When 
peak B was incubated with [Y-~'P]ATP a single polypeptide 
corresponding to the largest of the FS0,PhCOAdo-labelled 
bands (43 kDa) was detected. No polypeptides of 56/58 kDa 
were labelled in the peak B preparation either with 
[14C]FS0,PhCOAdo or [y-32P]ATP, although we analysed 
twice the quantity of enzyme based on kinase units. 
Fig.7 also compares the migration of [14C]FSOZPhC- 
OAdo-labelled polypeptides in the preparations of peaks A 
and B with mammalian AMP-activated kinase. The results 
clearly show that the labelled doublet in peak A (56158 kDa) 
is slightly smaller than the 63-kDa catalytic subunit (Carling 
et al., 1989) of mammalian AMP-activated protein kinase. 
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Fig. 7. Identification of the catalytic subunits of (A) peak A, (B) 
peak B, and (An) rat liver AMP-activated protein kinase. The 
kinases were labelled by autophosphorylation with [Y-~~PIATP, or 
using [‘“C]FSO,PhCOAdo (FSBA), as described in Materials and 
Methods, and analysed by SDSPAGE. Polypeptides were detected 
by Coornassie Blue staining (as indicated), or phosphorimaging 
(Autophosphorylation and [14C]FSBA labelling). 
Specificities of peaks A and B for peptide substrates 
The specificities of peaks A and B was investigated using 
a series of variants of the synthetic peptide (HMRSAMSGL- 
HLVKRR, SAMS-containing peptide) used to routinely as- 
say the enzyme (Table 2). The V values cannot be directly 
compared because of differences in the purity of the prepara- 
tions, but the data are also given as V/K,,, values relative to 
those obtained with the parent SAMS-containing peptide. 
The results show that the specificities of peaks A and B are 
similar, but not identical. As with many other protein kinases, 
basic residues on the N-terminal side of the phosphorylation 
site appear to be important for recognition. For both peaks A 
and B, replacement of the arginine at P-4 (i.e. 4 residues 
N-terminal to the phosphorylated serine) with another basic 
residue (lysine or histidine) slightly reduced V/K,, while re- 
placement with a non-basic residue (glycine) dramatically re- 
duced this parameter. We also tested the effect of the pres- 
ence of hydrophobic residues in the peptide. Replacement of 
the methionine at P-5 or the leucine at P+4 with glycine also 
greatly reduced V/K,,,, but replacement of the methionine at 
P-1 or the valine at P+5 had little effect. Replacement of 
two or three of these hydrophobic resides with glycine had 
larger effects than replacing one. Finally, the peptide with 
threonine in place of serine was still a substrate for both 
peaks A and B, but neither phosphorylated the peptide con- 
taining tyrosine in place of serine. 
Although these results show that similar specificity deter- 
minants are required by both peaks A and B, there were 
quantitative differences in the kinetics data. In particular the 
peptide with histidine in place of arginine at P-4 gave a K,,, 
3 -4-fold higher with peak B than peak A, while the peptide 
with glycine in place of leucine at P+4 was a much poorer 
substrate for peak B. For both peaks A and B the kinetics 
data were estimated on three separate occasions, and these 
differences were reproducible. 
Both the A and B forms also phosphorylate the purified 
53-kDa catalytic fragment of HMG-CoA reductase from rat 
liver (data not shown). 
DISCUSSION 
We have previously shown that a calcium-independent 
protein kinase, which appears by functional criteria to be a 
homologue of the mammalian AMP-activated protein kinase, 
is present in higher plants [15]. In the present study we have 
improved and extended the purification protocol for this en- 
zyme and identified the catalytic subunit. In addition, we 
have identified a second peptide kinase activity in cauli- 
flower which we believe to be a distinct but related gene 
product. 
With our new procedure we have purified peak A approx- 
imately 9000-fold, increased its specific activity by an order 
of magnitude, and removed several contaminating polypep- 
tides that interfered with attempts to identify the catalytic 
Table 2. Kinetics data obtained with kinase A and kinase B using variants of the SAMS-containing peptide as substrate. Residues 
which differ from the parent SAMS-containing peptide (peptide 1) are highlighted by underlining and bold type. To allow easy comparison, 
values for VlK,,, are expressed relative to those obtained with the parent SAMS-containing peptide. n.d., activity not detectable. 
Peptide Kinase A Kinase B 
no. sequence V Km VlK, V K m  VIKm 
-. -~ 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
HMRSAMSGLHLVKRR 
HMKSAMSGLHLVKRR 
HMHSAMSGLHLVKRR 
HMGSAMSGLHLVKRR 
HGRSAMSGLHLVKRR 
HMRSAGSGLHLVKRR 
HMRSAMSGLHGVKRR 
HMRSAMSGLHLGKRR 
HMRSAMSGLHGGKRR 
HGRSAMSGLHGGKRR 
HMRSAMTGLHLVKRR 
HMRSAMYGLHLVKRR 
nmollmin 
1467 f 32 
1570 2 67 
1165 ? 95 
590 t 116 
38 ? 2 
1004? 37 
45 ? 3 
735 t- 81 
49?  4 
1 1 4 2  6 
n.d. 
n.d. 
PM 
49.8 1. 3.6 1.00 
133 1. 8.8 0.40 
118 ? 15 0.34 
573 t 125 0.03 
40.4 5 4.2 0.03 
70 t 4.6 0.49 
13 1. 3.1 0.12 
38 5 9.4 0.66 
49 t 9.6 0.03 
n.d. 0.00 
34 t 4.6 0.11 
n.d. 0.00 
nmollmin 
651 5 89 
640? 34 
1029 1. 141 
996 ? 41 
n.d. 
384 f 9 
17 2 3 
331 1. 39 
n.d. 
n.d. 
n.d. 
43 ? 7 
PM 
91 1. 21 1.00 
111 f 9.6 0.81 
428 ? 69 0.34 
2316 +- 181 0.06 
n.d. 0.00 
69 ? 2.7 0.78 
96?  20 0.02 
42?  11 1.10 
n.d. 0.00 
n.d. 0.00 
651. 20 0.09 
n.d. 0.00 
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subunit. Despite many attempts we were unable to purify the 
activity to homogeneity. However the final specific activity 
(13.1 pmol . min-' . mg-') compares favourably with those 
(1-20 pmol . min-' mg-') of well characterized serine/ 
threonine-specific protein kinases which have been purified 
to homogeneity from mammalian sources [23 -281. When 
peak A was incubated with the reactive ATP analogue, 
FSO,PhCOAdo, it was inactivated in a time-dependent man- 
ner, and this was associated with ['4C]FS02PhCOAdo label- 
ling of only two polypeptides migrating at 56 kDa and 
58 kDa. Both inactivation and labelling were greatly reduced 
by MgATP, suggesting that the reagent reacted at the ATP- 
binding site on the enzyme. Consistent with reaction at a 
single site, a plot of the logarithm of activity remaining 
against time was linear, suggesting a pseudo-first-order reac- 
tion where the rate is proportional to the concentration of 
unreacted kinase remaining. By contrast, incubation of mam- 
malian AMP-activated protein kinase gives biphasic plots, 
with FS0,PhCOAdo rapidly reducing the AMP-stimulated 
activity, then more slowly reducing the basal catalytic activ- 
ity. The initial rapid phase is protected by both AMP and 
ATP, whereas the second slower phase is only protected by 
ATP, suggesting that the reagent reacts rapidly at the alloste- 
ric (AMP) site then more slowly at the catalytic (ATP) site 
[18, 21, 221. By contrast, peaks A and B give monophasic 
plots with FS0,PhCOAdo (Fig. 6) and are protected by ATP 
but not AMP. These results are consistent with previous find- 
ings that peak A is not activated by AMP, and suggest that 
neither form of the plant kinase has an AMP-binding site. 
The high specific activity of peak A might suggest that there 
is not a missing allosteric activator, and that the plant kinase 
is regulated solely by phosphorylation. 
When purified peak A was incubated with [14C]FS0,Ph- 
COAdo, a doublet of 56/58 kDa were the only labelled poly- 
peptides, whereas only the 58-kDa polypeptide was labelled 
using [p3'P]ATP. When mammalian AMP-activated protein 
kinase is inactivated with protein phosphatases, the 63-kDa 
catalytic subunit shifts to a molecular mass of 61 kDa, 
whereas autophosphorylation only labels the 63-kDa poly- 
peptide (Carling, D. and Hardie, D. G., unpublished results). 
By analogy, we would like to suggest that the 56-kDa and 
58-kDa polypeptides of plant peak A are the dephospho-form 
and phospho-form of the catalytic subunit, respectively. 
Since the 58-kDa phosphorylated form would be much more 
active, this would explain why it, and not the 56-kDa form, 
becomes autophosphorylated on incubation with [y-3zPlATP. 
Attempts to confirm this hypothesis by incubating peak A 
with protein phosphatases were hampered by the presence of 
contaminants of the same size range in the protein phospha- 
tase preparations used. However this hypothesis is consistent 
with the finding that a single radioactive species was ob- 
tained when FS0,PhCOAdo-labelled peak A was analysed 
by electrophoresis in non-denaturing gels (Fig. 6). 
Analysis of peak A by gel filtration on two different col- 
umns suggested a native molecular mass of 200t40 kDa. 
Mammalian AMP-activated protein kinase migrated closely 
with this on at least one of these columns (data not shown). 
This disagrees with the previous report where both plant and 
animal kinases were reported to comigrate on gel filtration 
with apparent molecular masses of 65 -t 5 kDa [15]. The 
reasons for this discrepancy are not clear, but the question of 
the native molecular mass of peak A was addressed very 
extensively for this study. A native molecular mass greater 
than 150 kDa for both the plant and animal kinases was ob- 
tained by gel filtration, and was confirmed by the migration 
of the ['4ClFSO~PhCOAdo-labelled proteins on polyacrylam- 
ide gel electrophoresis in non-denaturing conditions (Fig. 6). 
While the present data do not allow us to unequivocally de- 
termine the native subunit structure, the peak A protein ki- 
nase, and rat liver AMP-activated protein kinase, must be 
oligomers. Whether they are multimers of the 58/63-kDa ca- 
talytic subunits, or whether other subunits are involved, re- 
mains to be determined. 
When the ammonium sulphate fraction from cauliflower 
inflorescences was applied to a DEAE-Sepharose column 
and eluted with a NaCl gradient, two peaks of peptide kinase 
activity were detected. The major peak (A) corresponds to 
the HMG-Co-A reductase kinase which we have previously 
described [15]. Peak B consistently represents only 10-20% 
of the total activity recovered after DEAE-Sepharose, and it 
is possible that it was missed in our previous study because 
the DEAE-Sepharose was eluted with a step rather than a 
gradient, and the overall yield in that procedure was lower. 
Our present data do not allow us to unequivocally identify 
the catalytic subunit of peak B. However the finding that the 
activity migrates at 45 2 5 kDa on gel filtration, and that the 
only polypeptides labelled with ['4C]FS0,PhCOAdo are in 
the range 35-43kDa, suggest that, unllke peak A, it is a 
monomer. Since protein kinases often autophosphorylate, the 
43-kDa polypeptide which labels with both [14C]FS0,Ph- 
COAdo and [Y-~~P]ATP is the prime candidate for the cata- 
lytic subunit. 
An obvious possibility was that peak B arose from peak 
A during the purification, either by proteolysis or some other 
modification. Although we cannot yet rule this out conclu- 
sively, we consider it to be very unlikely for the following 
reasons. The ratio of activities in peak A to peak B was 
consistent from preparation to preparation at between 5 : 1 
and 6 : 1. This was true even if a freshly prepared homoge- 
nate was applied directly to Mono Q, and the ratio was not 
affected even if the homogenate was previously incubated 
for 60 min at 30°C (data not shown). When peak A and peak 
B were separated by Mono Q chromatography and were then 
reapplied to the Mono Q column, they eluted in the same 
positions as before. Peaks A and B were not the phospho- 
form and dephospho-form of the same protein, because 
dephosphorylation reduced their activities but did not shift 
their elution positions on Mono Q (Fig. 1 B and C), and be- 
cause they gave polypeptides of different molecular mass 
when labelled with ['4C]FS0,PhCOAdo. The specificities of 
peaks A and B (Table 2) were similar, but sufficiently dif- 
ferent to render it unlikely that peak B is a catalytic fragment 
derived by proteolytic removal of a regulatory region from 
peak A. The homogenization and purification buffers con- 
tained a cocktail of proteinase inhibitors. 
A definitive answer to the question of the relationship 
between peaks A and B will have to await sequencing and 
molecular cloning of these entities. However we would like 
to suggest that they represent distinct gene products, but are 
members of the same protein kinase sub-family. Clearly their 
specificities for peptide/protein substrates are similar, and 
both are regulated by phosphorylation, but the presence of 
additional sequence (and possibly even subunits) in peak A 
suggests that their regulation may be different. 
The specificities of peaks A and B for variants of the 
SAMS-containing peptide are very similar to that of mamma- 
lian AMP-activated protein kinase, and the significance of 
this specificity is discussed elsewhere [29]. 
The physiological functions of the two forms of HMG- 
CoA reductase kinase remain unclear at present. In rat hepa- 
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tocytes we have shown that cellular stress (particularly heat 
shock) dramatically activates the AMP-activated protein ki- 
nase, the signal for this being elevation of AMP and deple- 
tion of ATP. Activation of the kinase in turn causes phospho- 
rylation of acetyl-CoA carboxylase and HMG-CoA reduc- 
tase, leading to total cessation of fatty acid and cholesterol 
synthesis. We have proposed that the kinase exerts a protec- 
tive function in animal cells, switching off biosynthetic path- 
ways whenever the cell is compromised for energy, and pre- 
serving ATP for other purposes such as maintenance of ion 
gradients. Since both the A and B forms of HMG-CoA re- 
ductase kinase phosphorylate mammalian HMG-CoA reduc- 
tase (this study) and at least the A form inactivates HMG- 
CoA reductase from potato tubers [15], it seems possible that 
they may fulfil a similar function in plants. However since 
neither the A nor the B forms are activated by AMP, the 
signal which switches them on must be different. 
We have not yet shown that peak B phosphorylates 
HMG-CoA reductase from plants, but it does have a very 
similar specificity to peak B for peptides, including a require- 
ment for hydrophobic residues at P-5 and P+4, and a basic 
residue at P-4 (Table 2). Since these features are conserved 
in all twelve of the plant HMG-CoA reductase sequences 
currently available [29] it seems almost certain that peak B 
will phosphorylate HMG-CoA reductase from plants. We 
therefore feel justified in referring to peaks A and B as 
HMG-CoA reductase kinases A and B. However since it is 
likely that both protein kinases have additional targets in 
plants, this nomenclature should be regarded as provisional. 
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